Increasing the applicability of ubiquitous computing, minimizing energy consumption and hardware cost are mandatory in real world applications. In this paper we present our platform prototype for ubiquitous computing, which has been implemented based on commercial Bluetooth off-the-shelf components. It allows every object to be augmented with processing and communication capabilities in order to make them "smart". We validate our proposal by evaluating the trade-off between power consumption and performance of the experimental prototype.
Introduction
The widespread advent of wireless networks and the rapid proliferation of handheld computing devices have made mobile computing possible.
In addition, the miniaturization of devices and low power wireless communication standards have paved the path towards a pervasive computing environment [9] .
From our previous experience two main lessons were confirmed. Firstly, we need a low-cost solution that offers computation and communication capabilities to any generic object. Secondly, minimizing power consumption and size are mandatory in order to make more apparent the realization of ubiquitous computing. As "smart" nodes are battery powered, their lifetime strongly depends on the efficient use of their batteries [8] .
In this paper, we present our platform prototype for ubiquitous computing, which allows every object to be augmented with processing and communication capabilities in order to make them "smart". Our prototype has been implemented based on commercial Bluetooth off-the-shelf components, and supports spontaneous and ubiquitous connections between devices without requiring a priori knowledge of each other. We investigate the power characteristics of our Bluetooth prototype in order to acquire helpful information for protocol developers and software designers.
We analyze our network node energy efficiency to support ubiquitous computing. We focus on the powerdelay and power-throughput trade-off offered by our nodes. We evaluate the impact of the packet type and distance between nodes on the observed network performance.
The rest of this paper is organized as follows: Section 2 briefly describes the end application and the overall system architecture. Section 3 presents an overview of the board layout and system software of our Bluetooth based node prototype for ubiquitous computing. Section 4 examines the trade-off that grants the lowest power consumption while meeting performance requirements. Finally, Section 5 concludes this paper.
The Overall System Architecture
Our experimental application exploits wireless technology to provide personalized tours that guide and assist tourists in museums or historical sites. The system gives precise information to visitors about what they are viewing at their level of knowledge, and in their own native language.
The overall network architecture is based on the cooperation of an edge and a core wireless network. The edge side is solely based on the Bluetooth technology used by mobile devices (i.e., PDAs, laptops, etc). The core network is based on a wireless IEEE 802.11g WLAN used to connect mobile clients with servers. The system considers three types of entities: client applications, museum information points (MIPs), and central data servers. A visitor provided with a Bluetooth and IEEE 802.11 enabled PDA is the basic example of a mobile client. There is a MIP associated to one or more pieces of art or objects. Mobile clients are connected both with MIPs using Bluetooth and with central servers using the IEEE 802.11 technology.
A mobile client, while wondering around the museum, will continuously search for new MIPs through the Bluetooth inquiry process. When a MIP is found it merely provides to clients its Bluetooth address. The client will then combine the user profile with the obtained address to connect the central server. There, the request is logged and processed, and a appropriate reply is returned to users, according to their profile and the location (i.e., Bluetooth address of the MIP) they are at.
Implementation details and numerical results of the application can be found in [6] .
The MIP Bluetooth Based Prototype
In this section we present our MIP prototype. It has been implemented based on commercial off-the-shelf components, and forms the basis of our architecture to support spontaneous and ubiquitous connections between devices without requiring a priori knowledge of each other. Figure 1 shows the schematic system overview of our Bluetooth-based network node prototype. The system consists of a low power microcontroller connected to a Bluetooth transceiver through a serial UART interface. The Bluetooth transceiver implements the lower layers of the Bluetooth standard, i.e., the Radio BaseBand and the Link Manager. The layers supported by the microcontroller firmware are the HCI and the Logical Link Control and Adaptation Protocol (L2CAP). The Bluetooth transceiver is powered by a regulator and can be shut down by the microcontroller to reduce power consumption. In order to optimize battery life, the Texas Instruments MSP430 [5] ultra-low power family of microcontrollers have been selected because it is particularly well suited for power constrained applications.
This family of microcontrollers features a wide range of special purpose peripherals (Real-Time Clock, A/D converter, PWM generators, generic Timers/Counters, UART interface, etc.) and combines a quite powerful 16-bit RISC 8 MIPS CPU with several low-power modes. In low power modes, the microcontroller CPU is halted so that the required current supply is as low as 3µA, but some peripheral such as the Real Time Clock or the External Interrupt Subsystem remain active and able to wake up the microcontroller CPU on certain events. A highly configurable clock system allows the CPU clock rate to be dynamically 7] . Some of the operational parameters of the Bluetooth module, such as the maximum transmission power, can be altered by using the CSR PSTOOL application [3] to better fit the requirements of the end system. Figure 2 shows our Bluetooth node prototype using a battery pack. 
Power Consumption Analysis
We performed a detailed analysis of the power characteristics of our Bluetooth prototype which uses a fully qualified transceiver compliant with the Bluetooth 1.1 Specification [7] .
To obtain the desired power-consumption measurements we used the test circuit shown in Figure ? ?. The circuit is based on a high side current monitor intregrated circuit from Texas Instruments, the INA193 [4] .
A shunt resistor (Rs) is used to develop a small voltage drop proportional to the current flowing to the V cc input of the bluetooth module (I bias ). This voltage is amplified 20 times by the INA193 circuitry, providing an output voltage that represents a measure of the bias current. The output of the INA193 is connected to a PC based data acquisition system that digitizes the signal. The circuit also incorporates a first-order low pass filter with cutoff frequency f c = 1 2ΠRC , equals to 200Hz, which allows an accurate sampling process while avoiding the aliasing effect. To improve the accuracy, the measurement circuit has been calibrated using a 6.5 digits digital multimeter.
The data acquisition system was built using an AduC812 microcontroller [1] from Analog Device, attached to a Personal Computer thought a serial port. We select a sampling rate of 1kHz (one thousand samples per second) as it provides both accuracy and legible representation. The total current consumed over an interval is the integral of current consumption over time. Since each sample measures the instantaneous input current, we estimate the average current consumption by: I = We studied the power characteristics of our Bluetooth module for the following representative operating states: Bluetooth startup, standby, inquiry, page, active, hold, park, and sniff. For each state we traced the fluctuations in terms of current consumption during a period that roughly encompasses the given state. Table 1 summarizes the power consumption of our prototype.
The Power-Performance Trade-Off in Bluetooth
In this section we focus on the sniff mode to study the trade-off between power consumption and performance for a Bluetooth enabled device. We now evaluate the effect that the use of the sniff mode has over the power consumption and the packet delay when the data traffic consists of UDP connections. Each UDP connection generates 1 packet/second, with a packet size of 1000 bytes. In our experiments we vary the packet type and the distance between nodes to perform a sensitivity analysis.
According to the standard, in the sniff mode a slave device, rather than listening on every slot for master's beacons, only listens to the channel at specified times, agreed upon with the master. The sniff mode is the most interesting one since it allows the slave node to transmit information at those times.
To enter sniff mode, master and slave negotiate a sniff interval, T sniff and a sniff window, T win . A slave node will thus listen to the piconet at regular intervals (T sniff ) for a short period (T win ). Figure 3 allow comparing the current consumption in active and sniff modes during a data packet transmission, and using a DM1 type of packet. The configuration of the sniff mode depends on the application's requirements, and the definition of the best T sniff represents a compromise between power consumption and delay. The advantage of having a large T sniff is low consumption, and the inconvenience is high delay when sending data packets. In our experiments we select a relatively small T sniff to avoid increasing the packet delay, and we fixed T win to only one slot in order to reduce the power consumption. Figure 3 highlight the bursty behavior of the sniff mode. As expected, the Bluetooth interface has periodic peaks every T sniff slot pairs, and the baseline value is similar to the standby mode, which is lower that the ones for the active master and active slave. If we compare the active mode operation between master and slave we confirm that the consumption at the slave is significantly higher than the one at the master (just above 20 mA). This effect is due to the continuous listening activity a slave is required to perform. When using the sniff mode, the slave can reduce the current consumption with respect to the master's.
Power Consumption Evaluation
We repeated all the tests performed by varying the packet type from DM (5, 3, 1) to DH (5, 3, 1) . When selecting multi-slot packets, Bluetooth reduces the time we need to send each data packet, thereby reducing the current consumption. We also confirmed that distance does not affect the power consumption of our Bluetooth devices (power regulation is off).
Conclusions
In this paper we present a low power network node prototype for ubiquitous computing. This prototype is based on commercial Bluetooth off-the-shelf components and allows any object to be augmented with processing and communication capabilities in order to make them "smart".
We investigated the power consumption characteristics of our Bluetooth-based prototype. We specially focus on the study of the three low-power modes supported in the Bluetooth standard. We found that, Bluetooth modules implementing low-power modes could significantly alleviate the power consumption of Bluetooth nodes. We validate our proposal by measuring the impact that the use of the sniff mode has on network performance. We observed that Bluetooth offers a relatively steady packet delay for up to 10 meters, independently of the selected packet type. We also observed that the use of the sniff mode could be quite compatible with the more efficient multi slot data packets. However, when the channel conditions require selecting single-slot data packets, the sniff mode could have an impact on performance, and so the power/delay trade-off should be considered.
